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INTRODUCTION 
Ultrasonic methods of nondestructive testing become more and more quantitative. They 
aim not only to detect but also to identify and characterize defects. This results in contradic-
tory requirements for transducer design. One sought improvements in axial resolution for a 
given frequency range in reducing the pulse duration, leading to low sensitivity and failing in 
the case of small defects close to the transducer. Good transverse resolution with a planar 
transducer is obtained by using it in its pseudo-focal zone in which the ultrasonic beam is 
narrow, that is, at arange corresponding to the limit of the near-field, even if this range is ill-
defined in the case of a broad band transducer. 
The present paper aims at describing a new transducer (called TriO) that allows one to 
select the resolution to favor at a given time, then to instantaneously switch to another. The 
CNRS (French National Center for Scientific Research) has taken out a patent for it. The 
basis of this design is to produce transducers with non uniform source and sensitivity 
distributions. This is achieved by dividing one of the electrodes of the piezo-electric disk into 
two zones, each related to one connector. Then, a simple electric switch allows to connect 
either one zone, the other or both. TriO has been especially designed for broad bandwidth 
uses. The shorter the impulsion is, the more specific each working mode becomes. 
SOME EXISTING METHODS FOR PRODUCING NON UNIFORM TRANSDUCERS 
Non-diffracting or plane-wave-only (PWO) transducers are generally obtained by 
aperture apodization (a well-known technique in optics). The concept of edge-wave-only 
(EWO) transducer has been studied and patented by Weight [1-3]. Designed for broadband 
imaging, EWO transducers are characterized by an optimal transverse resolution over a large 
field-depth so that they compete with focused transducers. Generally those techniques are 
applied to wideband transducers, because for narrowband transducers, a Gaussian 
distribution is required. For broadband transducers, the distribution is not necessarily 
Gaussian. Different techniques have been experimented to produce non uniform transducers 
without using the expensive technique of multi-element transducers. 
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Weight described a way to produce it [2,3] by controlling the poling of the piezoelectric 
element. The degree of poling is controlled by a series of rings, in conjunction with suitable 
potential divider network to vary the strength of the field applied across the transducer 
element during the initial poling. An alternative method to control the strength of the field is 
described by Hsu et al. [4], the electrodes being a sphere and a plane. 
With uniformly poled elements various techniques have been used to modify the active 
field produced inside the element. Hayward et at. [5] employed a continuously varying 
resistive thin film taper as front or rear electrode. Different arrangements ofaxisymetric 
electrodes partly covering the surface of the piezoelectric element have been described [6,7]. 
Haselberg and Krautkramer [8] described a star-shaped electrode design as a useful 
complementary tool to the DGS method to get smoother curves in the near field than those 
one gets with conventional uniform transducers. Newberry et at. [9] described an other way 
to produce diffractionless beam by combining an annular transducer and an acoustic lens. 
These techniques permit to produce either PWO or EWO transducers, but not both 
modes within the same transducer. 
THEORY 
We want here to summarize the rigorous studies developed to study nonuniform 
transducers. They are based on the theory of transient diffraction we will illustrate by a few 
examples, explaining advantages and limitations of the concept. 
Fig. 1 gives a schematic representation of the transient field radiated in water by a 
conventional uniform transducer excited by an infinitely short pulse. Two different waves 
propagate. One is a portion of a plane wave that propagates in the cylindrical region straight 
ahead from the transducer. The wavefront of the other, the diffracted or edge wave, is a tore. 
Inside the cylindrical region, the polarity of the edge wave is opposite to that of the plane 
wave. The characteristics of the ultrasonic field radiated by both narrow and wide band 
transducers result from the interference of these two waves. 
In Fig. 2, signals one would measure with a small hydrophone are synthesized for on-
axis field points at various ranges in the field of three broadband transducers with source 
profiles corresponding to a standard uniform transducer (SUT), a non-diffracting transducer 
(plane wave only or PWO) and an edge wave only (or EWO) one. The three ranges 
considered are within the near, the mid and the far fields. Near, mid and far field distances 
are related to the duration of the vibration of the source. 
S~~ (z2+a2)11'2/C L l lime . _. _. _. _. _. -' :-1-' _. _. _. _. _. -T' - ~ 
pwo ~ ---L -- --- - ~ --.-.-.---) 
EWO ~ ---~ --·---- ~l --·--- -t ~ V "nw, "mid" 'r.'" 
Fig. 1 : Pressure impulse responses of the three modes of TriO at different ranges on axis. 
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Fig 2 : Calculated pressure signals of the three modes of TriO at different ranges on axis. 
For the uniform transducer, the pressure in the near field is composed of two separated 
pulses of opposite polarity corresponding to the plane wave for the first and the edge wave 
for the second. The delay L1t between the two contributions depends on the radius R of the 
piezo-element, on the range z of the observation point and on the wave speed c, and is given 
by 
(1) 
The delay L1t decreases with increasing rangez. The two contributions join (mid-field) and 
eventually overlap (far-field). The echo received from a small on-axis target is proportional to 
the self-convolution of the pressure radiated at this point. Therefore, this signal is more 
complex, its duration is twice that of the incident field and it varies greatly in the near and 
mid-fields. Non uniform transducers solve this problem. 
Physically, it is impossible to suppress totally the plane or the edge wave component. 
However, it is possible to attenuate them notably with transducer profiles with radial 
variations. For the PWO (resp., EWO), the plane (resp., edge diffracted) wave component is 
favored. Fig. 2 shows clearly that non uniform profiles are efficient to simplify wave forms 
and shorten signal duration in the near field but not better than uniform transducers in the far 
field. 
PRACTICAL REALIZATION OF TRIO 
At first, we have realized non uniform transducers from conventional uniform ones by 
means of a masking technique. Experiments were in excellent agreement with theoretical 
results [10]. As previously described by Weight [1-3], we found that source profiles with a 
shape flat (of maximal, resp. minimal, amplitude for the PWO, resp. EWO) at the center and 
progressively decreasing (resp. increasing) at the edge leads to adequate characteristics of the 
radiated field. For the transducer TriO, the profiles of the PWO and EWO transducers are 
complementary, this being achieved by dividing one electrode into two separated areas as 
shown on Fig. 3. Profile amplitude for a given radial distance r is synthesized by the ratio of 
the elementary area of the zones which are electrically connected with that of the disconnected 
zones. This ratio continuously varies with r. By connecting the electronic equipment 
(electrical source, amplifiers) to one part of the electrode or the other, the transducer works in 
the PWO or the EWO mode. By connecting both parts of the electrode, the transducer 
behaves as a conventional one, that is, a standard uniform transducer (SUT). 
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Fig.3 : Two-element-electrode design of the TriO transducer. 
An industrial prototype has been manufactured by "Laboratoires d'Electronique Philips" 
(LEP) according to our specifications. A composite piezoelectric element is used. Its diameter 
is 19 mm, its center frequency is 4 MHz. One selects one of the three different modes 
(conventional, PWO or EWO) of the transducer by a simple electrical switch. 
AXIAL RESOLUTION OF TRIO IN PWO-MODE 
Since TriO can work both in the PWO- and SUT-modes, it is easy to quantify the 
influence of the source and sensitivity profile on axial resolution. 
In a first set of results, the target used consists of two flat-bottomed holes (FBH) 
-1 mm 0, their axes distant of 2.2 mm- drilled in a piece of brass separated in depth 
byl.7mm. 
Fig.4 shows echo responses from the two FBH at varying range, all waveforms being 
plotted to the same amplitude scale (range variations are obtained by a variation of the water 
path length). In the PWO-mode, the two reflectors are distinguishable, whatever the range. 
In the SUT-mode, even in the far-field, the two reflectors are not distinguishable. In another 
set of results with immersed targets, good axial resolution was obtained in the far-field of the 
transducer in the SUT-mode. This difference between FBH and immersed target results has 
not been interpreted yet. 
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Fig.4 : Echoes of two 1 mm 0 FBHs in brass separated by 1.7 mm in range. SUT and PWO-
mode of the TriO transducer; center frequency 5 MHz ,19 mm 0. Gain and time (3/1s) are 
identical at different ranges. The whole distance Z is converted as water travel. 
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Fig. 5 : Echoes from 1.2 mm 0 FBHs close to the surface and the back wall of an Al block 
Fig.5 shows preliminary results of echo responses from two 0 1.2 mm FBH drilled in 
an aluminum block, one being at 3 mm under the front surface, the other close to the back 
surface. Only the PWO-mode allows the detection of the under-surface reflector, despite the 
relatively low frequency used. Near the back wall, the PWO and SUT -modes are equivalent. 
In the PWO-mode, axial resolution performance is good for a broad range of radial positions 
of the transducer axis relative to the reflector. 
RADIAL RESOLUTION OF TRIO IN EWO-MODE 
Good transverse resolution being the most important characteristic of TriO in the EWO-
mode, we compared its performances with those obtained with a focused probe. For the 
experiments, we used a focused probe manufactured by LEP with the same piezo-element as 
that used for TriO (same diameter, same material and so same frequency characteristics). 
Focusing is obtained by curving the piezo-element with a radius of 150 mm. It is admitted 
that focusing is efficient if the focal length is shorter than 0.6times the length of the near-field 
zone (this length being calculated for the center frequency of the transducer). The transducer 
fulfills this criterion, although it is not very focused. 
We measured the diameter at -6dB and the maximum peak -to-peak amplitude of both 
transducers as functions of range in an immersion test using a small disk target of 0 0.5 mm. 
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Fig. 6 : Comparison of -6dB diameter and amplitude of echoes for a uniform focused trans-
ducer and the EWO-mode of the TriO transducer as a function of the range. 
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Fig. 6 shows that the beam diameter of the focused transducer is approximately constant 
within the useful beam, and not measurable at shorter range. In the case of TriO in the EWO-
mode, the -6dB diameter linearly decreases with decreasing range. This would also be the 
case with conventional focused transducer of shorter focal length. but in this latter case, the 
length of the useful beam decreases as the focal length squared. For a conventional focused 
transducer, optimal resolution is obtained only within its focal zone, whereas radial 
resolution of TriO in EWO-mode is optimal over a very large field depth. In addition, three 
important properties of the EWO-mode must be noticed: 
• Edge diffraction is the main phenomenon that results in a concentration of the pressure 
field along the transducer axis. However, the surface of the active zone at the rim is itself a 
transmitterlreceiver that receives an echo if a reflector is straight ahead from the rim. Due to 
the small area of the active surface involved in such a process, this phenomenon is 
measurable only for short distances between the transducer and the target. 
• Fig. 6 shows that the amplitude of echoes is about 10 dB lower with TriO in the 
EWO-mode than with the focused probe, for the range of distances where this latter 
transducer can be used. This is actually what one has "to be prepared to pay" for the 
improvement in the length of the useful beam. This can be an inconvenience if the signal-to-
noise ratio is poor due to electronic noise, but not in the more common case of noise from 
material structure of the piece under test. Moreover, its radiating surface being plane, TriO 
can be used directly coupled to the piece, resulting in an important gain relatively to an 
immersion testing technique which compensates for the lack of sensitivity. 
• As for an annular transducer, the range is non-linearly related to the time-of-flight . The 
relation is however trivial to calculate. 
SENSITIVITY OF UNIFORM AND NON UNIFORM MODES OF TriO 
Whatever the method used to modify the source and sensitivity transducer profile, the 
amount of acoustic energy radiated by a non uniform profile is smaller than that radiated by a 
conventional uniform one. However, it happens -and this is the case in the near-field- that 
the supplementary energy radiated by the uniform transducer does not result in echoes of 
higher amplitude. To study this point, we measured the peak-to-peak amplitude of echoes 
from on-axis small disk (l mm0) and sphere (lOmm0) targets as a function of the target 
range. Fig. 7 shows that in the far-field, the highest sensitivity is obtained with TriO in the 
SUT -mode, that is, behaving as a conventional transducer. Conversely, in the near and mid 
fields, the highest sensitivity is obtained with non uniform modes (EWO and PWO) of TriO, 
with gains up to 11 dB relative to the uniform mode. 
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Fig.7: Peak-to-peak amplitudes of the echoes from different targets as a function of the on-
axis distance of the TriO transducer for its three modes. 
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C-SCANS OF TRIO BEAMS 
On Fig. 8 are displayed C-Scan maps of the beam for different distances in water and for 
each mode of the TriO transducer. One can see that for the EWO-mode, from 80mm the 
influence of individual elements completely disappears; the diameter of the -3 dB zone is 
small and proportional to the distance. For the PWO-mode, the diameter of the -3 dB zone is 
quasi constant as it varies for the uniform mode. 
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Fig. 8 : C-Scan maps of the maximum value of the displacement produced in water for 
different distances in water and for the three modes of the TriO transducer. Each map 
(l4mmx 14mm) represents a little more than a quarter of the beam, the axis being near the 
bottom left comer. The maximum of each map is normalized. 
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SUMMARY AND DISCUSSION 
The shape of the source and sensitivity profile of transducers affects considerably pulse 
echo measurements, notably in broad band imaging. The use of non uniform transducers 
leads to simplification of the field incident on defects and of the echo measured from defects, 
all the more so since the defect is in the near field of the transducer. This is particularly true 
with TriO in the PWO-mode that behaves as a non-diffracting source in the near and mid 
fields, allowing dramatic improvement of the axial resolution, thus, of the detectability of 
defects close to the front surface of the piece to test. The main interest of TriO in the EWO-
mode is its excellent transverse resolution over a large field depth, a resolution better than that 
of conventional focused transducers of the same diameter and center frequency. Relatively to 
focused transducers, TriO in the EWO-mode is of lower sensitivity. 
Besides the improvements in resolution and in waveform simplification, TriO in the non 
uniform modes has a better sensitivity than conventional uniform transducers in the near and 
mid fields. In the far-field, one can choose to use TriO in the conventional SUT-mode that 
offers in this case a better sensitivity than the other modes. We have not yet imagined all the 
positive repercussions one can expect of such properties as to have no more to worry with 
the length of the near field zone, as to dispose of a transducer able to "focuse" over a large 
field depth while its planar radiating surface allows its use directly coupled to the piece, and 
above all, as to dispose of a single probe with three distinct co-axial working-modes having 
characteristics incompatible with a conventional transducer. 
With multi-element transducers, one obviously has more ability to control and form the 
ultrasonic beam than with TriO, but TriO does not require specific and costly electronic 
equipment and works with classical transmit/receive apparatus. Moreover, manufacturing 
TriO is quite easy in an industrial context. 
There were two reasons to choose piezoelectric composite element for manufacturing the 
first industrial prototype. The first is the excellent performances of this material in terms of 
broad band and sensitivity and the second is the ability of the manufacturer to draw the 
specific electrodes. But previous publications show that star-shaped electrodes work with 
monolithic piezoelectric element. So will do the TriO concept. 
PROSPECTS OF DEVELOPMENT 
Our knowledge of earlier studies on which the innovation is based allows us to assert 
the validity of the concept of TriO. This new type of transducer can be very useful for 
applications in which one seeks better performance in detectability and resolution than what 
conventional transducers offer, without the need for a costly investment in a complicated 
electronic equipment required by multi-element transducers. We are studying the influence of 
non uniform profile on the characteristics of the beam of wide band focused transducers. 
The first results are described by Lhemery et at. in [10]. 
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